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IRAG ASD  PROPULSIVE   CEARACTSRIS7ICS   OF AIR-COCLS3 

Htni-lAOni I:PTALLA?IO:JS TOR ?T7O-T.K>IN3 AIRPLAKES 

By Herbert A. »ilson, Jr., and Robert R. Lehr 

SUVi^ART 

Research or. wir.s-nacelle propeller arrangement• haa 
been continued In the 3ACA full-scale wind tunnel with 
tents on a r.odel of a two-engine airplane provided with 
nacello3 varying in diameter iron 1,5 to 2.6 times the lo- 
cal win1; thickness.  This model is the sane one that was 
previously tested with four-en^ine-nacolle Installations, 
and the results aro directlv comparable. 

The results show tho variation of the nacelle dra? 
with tho ratio of the nacelle diameter to the da1! thick- 
ness, tho effects of thti nacelles or. tho aerodynamic char- 
acteristics of the airplane, and the propul-ivo and the 
over-all efficiencies for all the arrangement a.  The pres- 
ent results are combined in some cases rith the results of 
previous experiments, so that the effect of nacelles is in- 
cluded for airplanes rangln? from 6-£ to 100 tons. 

inaosoocxm 

The tondenev to increase tho -power of radial air- 
cooled airplane engines without increasing the.online di- 
amotcr has led to lar^o variations in the size of the 
wins naccllos relative to the size of tho win1;.  An in- 
vestigation conducted in the 17A3A full-scalo wind tunnol 
has doalt with tha influence of tho ratio of the nacelle 
dianetor to the win«; thickness and of tho longitudinal 
and vertical propeller location on the dra1!, the propul- 
sive efficiency, and the over-all efficiency of multien-^lne 
airplanes.  The effects of the nacelles ard the propeller 
operation on tho lift and the pitching moment of tho air- 
plane have also boen studied.  Tho investigation covered 
ratios of tho nacolle li.-.motor to the .in'! thickness vary- 
ing from 0.53 to 2.60, representing airplanes of from öi 
to 100 tonn sronn reicht.. 

3y variation of the number and size of the nacelles 
installed on the same airplane model, a series of airplanes 
has been represented from which directly comparable d?.ta 
wore obtained.  Tho tests of these rodeln vnro divided into 
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two groups:  The first f?roup, reported ia reference 1, con- 
sisted of toste of the r.odcl with four nacelles of diam- 
oter3 varying from 0.53 to 1.5 times the win* thickness; 
thr> cecond sroup, constituting the hr.sir. for this report, 
eorrs tests of the model with two nacelles of diameters 
varying from 1.5 to 2.6 tines the win* thickness. 

SY130LS 

a  an?le of attack of the fuselage reference axis rela- 
tive to the wind axis, decrees 

q freo-stream dynamic pressure, pounds per square foot 

S via--; area, square feet 

c iiein chord of wins, area/span, foot 

tw maximum win-? thickness (avcra^o over nacollo), feet 

Dp propeller diameter, feet 

D?j maximum nacollo dianctor, feet 

3" maxinum erosa-oectional aroa of nacelle, square foot 

V air spoed, foot per Rocond 

L lift, or force normal to the relative wind, pounds 

D Ar*>4i or foreo parallel to the relativo rind, pou.ids 

Dc  Tiowor-off fra<J of nodol with on^ino-nacollo installa- 
tion, pounds 

M  ^itchin^ moment, pound-foot 

c  - -L 

0* = *s 
oS 

 1 

i3»5 
* 
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The tests were conducted in the HACA full-scale wind 
tunnel, which is deocrioed in reference 3.   The «odel is 
a notal-coyered, nidwin'', monoplane with P. span of 37.?5 
feet.  The sjrnnetricel rin* nectionn ar« tapersd in thick- 
ness fron the NASA 0013 at the mot to the KA3A 8010 at 
the tip.  The wins plan form tapers 4il  fron a r~.ot 
chord of 7.28 feet, and the win* area i-i 172 souare feet. 
Split trailin*-ed*e flaps extend over the riddle 60 per- 
cent of the span with the exception of a short *ap at tho 
fuselage.  The en*le of the -sine, settl.u to the fuselage 
reference line is 4.6°.  The principal dimensions of tho 
model and the nacelle for each ef the tost nrrr.nser.onto 
ire shown in figure 1.  Figures 2 to 5 shrw tho nodol as 
Installed in the full-3Crxlo tur.r.el. 

A su:joary of thr nacelle a. rr«.n* orients tested in shown 
in taolo I. 

TA3L3 I 

Tost 

Xacelle 
diai- 
otcr 
(in.) (l) 

Preneller 
dimeter 

(ir..) 

•5 
Propoller 
location 

(a) 

XfeMSl« 
oosi- 
tion 

Do- 
tnilt 
in 

1 le co -1 lr.* - BRro-vriv.1; rodol fi*. 2 

2a 20 1.5 48 0.417 0.25c Center 
line 

fi*. 3 

?T> 20 1.5 48 .417 .25a Lor fi*. 4 

3 30.4 2.27 69 .440 .50o Center 
line 

fi*. 5 

4 34.7 2.6 84 .413 .50c Center 
line 

-'i*. Ö 

X • 

Thickness t„ is the average of win* thickness at the 
nacelle locations. 

Chord e is the local chord at each propeller location. 
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Power to operate the propellers was furnished for the 
20-inch nacelle arrangement by the ?.L"-horaepowcr alternat- 
lnn-curreut motors used in the tests of reference 1, and 
for the 30.4-inch and S4.7-iaeh nacelle arrangements by 
15-horeepower motors of lower synchronous speed.  ?or all 
three nacelle arrangements, the motors were supported ahead 
of the win* and within the nacelles.  The propeller cpead 
was regulated "by varyln», the frequency of the 1 itor-curront 
supply and was reasured with an electric tachometer.  ?ovrer 
output was obtained for the £5-horsopor?r motors from an 
electrical calibration and for tha lf-horcepouer motors by 
measurement of the torque reaotion on the motor» 

Throe note of propellers, a modified Bureau of JLcro- 
niutics 3rawir.t So. 4412 two-bl.afo propeller oi' 46-ir.ch 
diameter, a Curtiss 88930 three-blade propeller of 60-inch 
diameter, and a Eamllton Standard 1337 two-Made propeller 
cut down from r.n 3- to a 7-foot diameter, were used on the 
20-, the 30.4-, and 34.7-inch nacelles, respectively. 

The contour of the cowlings and their relative dimen- 
sions are ^ivm in figure 7 as fractions of the cowling 
diameter.  These cowlings were ».eometrleally oicilar to 
those used ii the previous series of testn (reference l) 
and to the one designated cowlin«; 0 in reference 3.  The 
shapes of the nacelles were do8i<?nod in each case to avoid 
flow saparation on the afterbody, kt  the intersection of 
the racalle and the win* plasticine fillets or? email radi- 
us were used to provide a emooth fnirln"?. 

Perforated motal p 
changed to a value of c 
of approximatol.: 0,10, 
erit slot of the cowlin 
pressure droo of O.OrOq 
assumed that a weans of 
flaos would oa provide 
For the touts "fitn no c 
•.aU' to orevunt any P 
This method -as founi t 
than scaling tho por.for 
the en<-ino, as v'aa done 
tho 1 in. rovotiient can bo 
condition at the cult s 

lakes, the rar.Jetar.ee of which 
onductance K  (ro\>rence *) 
simulated the engine.  The 
a; ras p-oportienea to «ive a 
across the «iiglno; it »a» 
ovit-slot adjuftoattt such as 

i for other flieht conditions, 
oolinc »ir, th.-- axlt slot was 
ir flow through the coaling, 
o »ivc mo-b consistent rosults 
ation in the metal platos of 
for tho tests of reference 1; 

attributed to a bottcr flow 
lot. 

"'•W-5  
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7ith propellers removed from the model, measurements 
of aerodynamic character!stieg were r.ade at as air speed 
of about 60 mile« per hour for each of the nacelle instal- 
lations over an an^le-of-attack ran*;o fror, zoro lift 
through the stall.  Scale effect on the dra? at low lift 
coefficients was also measured over a ran«;e of air speeds 
from 30 to 100 milos per hour. 

With the propellers operating, propulsive character- 
istics of the nacelle-propeller installations were deter- 
mined for the attitude*in which the thrust axes were par- 
allel to the relative wind and for lift coefficients ap- 
proximating those for the hi=;h-sp-jo"L and the climbing con- 
ditions.  The power-on measurement a included the power in- 
put to the propellers and the propeller speed as well as 
tho usual aerodynamic forces and momenta.  For the propul- 
sive efficiency touts, the V/r.D was varied by increasing 
tho air spood from 30 to 100 miles per hour and thon by 
decreasing tho propeller speed at the maximum air speed 
until zoro to roue was obtained.  The effect of propeller 
operation on the lift and CTV the pitching moment was de- 
termined at a test air speed of approximately 60 miles per 
hour for the rasimum thrust permitted by the set-up and 
for an ir.te modi ate thrust condition. 

P0*T3E-05T CEA-UCTSSIISTICS 

The aerodynamic charact3ristico of the two-engine 
model with tho propellers removed are shewn in figures 8 
to 1? for tho various arrangements tested.  These data 
were obtained e.t a tunnel air speed of about 60 miles per 
hour, which corresponds to a Reynolds number of about 
2,500,000 based on the average win«; chord of 4.62 feet. 
The coefficients are based on e. winf; area of 172 square 
feet a-.id are corrected for wind-tunnel effects.  Pitchln*?- 
momont coefficienta are computed about a center of gravity 
located as shown in figure 1, 

Drag.- Scale effects on the airplane dra«? coefficients 
for the nacelle arrangements and for the moiel without na- 
cellee, tested at an assumed hl^h-speed lift coefficient of 
0.25 aro ^lven in figure 13.  A. comparison of the curves 
for the various nacelle installations with those for the 
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nacelle dra«; coefficient of 0.020 and 0.014 for the 24.7- 
and the 30.4-ineh nacelles, respectively, that check re- 
markphly -.'ell rlth the Talv.es of 0.019 and 0.014 from tho 
data of figure 15. 

An unexpected decreare In d M was shown "ay the 80-» 
lach nacelles ir. the low position (fi«S. 18)«  This de- 
crease is inconsistent with the results of recent tests 
made in the T'ACA 8-foot hi<;h-speed tunnel (r9forenco 5) 
that show a 2-percent increase in the airplane dra«; for 
lowering the nacelle.  Tor the tests of reference 5, the 
lowered nacol}.e was ".oonetrically similar to the center- 
lino nacelle; whersas, in the present tests the nacelle 
afterhody was faired to provide additional space in the 
nacelle for housir.«; the landin«; leir.  This requirement of 
space cade it uoco3sary to olonsato the nacelle and to 
fnir from the circular engine section to a vertical line 
at the tail.  It is loliovod that tho more gradual fairing 
of the low nncollo caused loss intorforoneo hotwoen tho 
win"? and the nacelle on tho lower surfaeo and that lower- 
ing the ne.co'llo docreasod the interference on tho upper 
Burfaco of tho win"? to a low value.  This conclusion is 
partially verified or tho fact thit the dra»; for the low- 
ered nacollo approaches more nearly the skin-friction dra«; 
for a corresponding arount of surface in tur'oulont flow. 

MssiS.3WI._li.iJLi.- The maximum lift coefficient was 
slightly decreased (ahout 1 •nercent) hy the addition- of the 
naccllos to t>e airplane.  T.?.olo II su'.imarizes the maximum 
lifts for all the test arrangements. 

TABU! II 

Values of Maximum Lift Ocfficior.t 

V*t 
Propeller 
location 

?i ap deflection, 6f 

o° 60° Vertical 
position 

Bare I 7in«; 1.29 1.82 

1.50 0.25c 1.28 1.77 Center line 

1.E0 .25c 1.28 1.76 Low 

2.27 .50 c 1.27 — Center line 

2.60 •BO* 1.26 — Center line 

' 
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PPOPTJLSIVE AICI) OVER-ALL E??ICI3TrCISS 

Tho r.acol 
ciont ": Tin fo 
instr.l laticns. 
pnrod by rcans 
n.-.collo dra^ i 
as v.-cll as tho 
cionry 71* la 
ronuircd vor t 
flight speed t 
spood by tho • 
The over-all o 

le   drr\«; eooi f icior.ts alone era an insuffl- 
r comparison of the various nacollo-propoller 

Tho installation-.; arc more propcrl-" coc- 
"f an ovr-r.ll efficiency that includes tho 

ncroncr.t ne.-.surod with tho propeller rcnovod 
propulsive efflatency.  This ovor-nll effi- 
defined as tho ratio of the towllno power 

he model without r.acollcs at a ^ivon lovol- 
0 tho ect-uil power i.iput required at this 
afteil with tho r.accllo-propellor installation, 
fficiency ic therefore written 

= r Ö» 
Thn propulsive efficiency  T|  i" tho ratio of the ef- 

fective thrust power to the power input and nay be ealcu- 
lited fror, tho relation 

p 

The value of the effective thrust,  (T - AD),  can be com- 
puted fron tho wind-tun;:el d.\ta by the relationship 

T - AD = De + H 

in which  Be  and  S  are, respectively, the values of tho 
dra^ for proriel ler-removcd and pr >;jeller-operatin~ condi- 
tions. 

The dra< ir.cror.er.t included in the effective thrust 
is caused by the slipstream over tho rin-;; in like manner 
a lift increment is attributed to the propeller operation. 
In order to correct for this lift chen^e,  D0  ani  H 
wore both ireasured at the same lift coefficient rather 
than at the same an^le of attack. 

Propulsive Sfficieneies 

Data have boon obtained from tho tests to show the ef- 
fect on the prooul3ive efficiency of variations in the pro- 
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I 
peller Made an^le, the micelle diameter, and tho lift 
coefficient. 

Propeller Made an^le.- The values of the propulsive 
efficiencies measured for the various aacelle-propeller 
combinations arc shown ir. figures 19 to ?2.  The maximum 
propulsive efficiencies occur at a blade an;le  (3 of about 
30°; the envelopes of the propulsive-efficiency curves are 
reasonably flat, however, showing onl" slight variations 
in efficiencies with a variation in  ß of *10° from the 
optimum. 

The results show that neither the "olade a-.^lo for max- 
imum efficiency nor tho quantitative valuo of maximum ef- 
ficiency varies appreciably from that of the previous study 
of tho four nacelle propeller installations. 

Nacelle diameter.- X  variation in the ratio of the 
nacelle diameter to the wln^ thickness has little effect 
on the maximum propulsive efficiency.  Chan<;in<t the verti- 
cal position also has a ne<(li<:ible effect on the maximum 
efficiency except to change slightly the  V/nD at which 
maximum efficiency occurs.   The efficiency at a lift co- 
efficient of -0.04 for the 34.7-inch nacelles is approxi- 
mately ?.  percent lower than that for the 20-inch nacelles 
and about 1 percent lower than that for tho 30.4-inch 
nacolles. 

ii£t-£ae£fifitflata.- Tbe 
efficiencies with airplane li 
eluded in figures 19 to 22 fo 
and 40°.  The maximum propuls 
lift coefficient of -0.04, in 
was approximately parallel to 
sivo efficiency in all cases 
cello with the blade an<;lc se 
at the lift coefficient -0.04 
inch nacello with a blado ans 
ficioncy is tho same for the 
cither the center line or tho 

variations in the pro 
ft coefficient are al 
r blade angles of 20° 
ive efficiency occurs 
which case the nacel 
the air stream.  The 

except for tho 20-inc 
t at 30 is 2 percent 

han at 0.25.  For t 
le of 30° the propul3 
two lift coefficients 
lowerod nacollo posl 

pulsive 
so in- 
. 30°, 
at a 

le axis 
propul- 

h na- 
^roater 

he 20- 
ive of- 
in 

tion. 

\ 

Over-All Efficiencies 

Tho ovar-all efficioncies for tho conditions investi- 
gated durin«; the present sorias of tests together with 
those of tho provious series (reforenco l) arc prosented 
in figure 23, 

«^sr--: 
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It rill be noted that there Is a 1- to 2-percent do- 
croaso in tho over-all efficiency for the 0.40c propollor 
Position.  The decroaae is probably due to the Increased 
skin friction of tho lon«;er nacelle.  It will also be ob- 
served that tho over-all efficiency for the two-en«;ino 
installation is considerably higher than that for the 
four-engine installation, especially at larger values of 
D„/tw.  Thin difference in over-all efficiency is tho re- 
sult of tho lower dra? obtained with two n?.r.elles and in- 
dicates tho desirability of usin«! tho amallast poasiblo 
number of power units for a «tlven total power output. 

Variations of the maximum ove 
lift coefficient for tho two-on«;in 
tests and for tho four-on*;ino data 
(reference l) are plotted in fi»uv 
shown, the lowest efficiencies exi 
condition; tho efficiencies increa 
cient either increnses or decrease 
condition. This increase In effic 
the 30.4- and the 34.7-inch naeell 
variation in dra^ with an«?le of at 
celles. 

r-all efficiency with 
e data of the present 
of tho previous series 

a 24.  In all cases 
st at tho hi'jh-npeed 
,ie as the lift eoeffi- 
s from tho hi^h-speod 
iency is more rapid with 
es, because of a smaller 
tack for tho larger na- 

POWM-ON CHARACTERISTICS 

The effect of propeller operation or. the aerodynamic 
characteristics of ar. airplane is primarily dependent on 
the amount of thrust delivered by the propellers and, for 
a «liven thrust, is relatively independent of moderate 
changes in blade an«;lo,  V/r.D,  propulsive efficiency, and 
propeller diameter.  In ordor to describe tho conditions 
of propeller operation, uno io made of an index thrust co- 
efficient that takes the form 

Ti Üb 
qSV 

in which  1^  io tho propulsive efficiency at  C^ =» 0,25 
for tho conditions of  V/nD  and blado anqlo at which tho 
tests vroro made.  The index thrust coefficient has the 
characteristics and the form of a dra^ coefficient and is 
essentially independent of the combination of  V/nD and 
blade an^le that producos the thrust; it is equal to tho 
amount of dro^ that tho thrust would counterbalance at the 

' 
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standard or Index condition and, at any othor value of 
lift coefficient, differ« fron the truo thrust coofflclont 
only 'by the variation In propulrive efficiency hetweon tho 
two conditions. 

Tho effect of propeller operation on the naxlnuc lift 
la liven In figures 05 and 26 for tho 20-inch and the 30.4- 
inch nacelle installations.  As the index thrust coeffi- 
cient increases, tho slope of the lift curve increar.es 
slightly and the maximum lift incroaces rapidly.  The rate 
of increase in maximum lift coefficient is largest for 
vines of T'  hctwecn 0 and 0,05, owinT to the effect of co 
tho slipstream In decreasing the wir.«;-nacelle interference. 

The effects o 
moment coefficient 
aud two nacelle in 
28. Tho principal 
chin-,e the alevato 
are similar throu»; 
and are very nuch 
yin«; tho tall sett 
20 inches to 30.4 
power-on pitchin'?- 
Ti   for each case 

f the propeller operation on the pitchin^- 
, for the various thrust coefficients 
atallatlona, aro shown in fi^uroB 27 and 
effect of -...ropollcr operation is to 

r p.».;l.r required for halanco.  Tho curve« 
hout the normal ran<?e of angles of attack 
llko those that would he ohtalned hy var- 
ir1;.  Incropoin'5 the nacelle size from 
inchos decreases the slope of all of the 
moment curves,  "ith the largest value of 
, and oapociall;' rith the lor<5or nacelle, 

~« 
tho stability "coeomos critical at the higher angles of at- 
tack. 

nUSTOl 3ISTai3UTI0H 

Tho pro^ouro di3trihution on tho undor oido of the 
20-lnch and the 3-i.7-iueh r.ne.cllon is «;ivcn in figures 29 
and 30, roanoctively.  Those data na:r ho usod as a «suidc 
in fl03isain^ tra-idc.ora en the hottom of convontionr.l na- 
celles.  Similar data for "uaolaTcs aro 'sivon for a lar<?o 
ranso of «lach nuuhcro In raforenco 6. 

Prcasuros arc ^ivon in terms of the prossuro cooffi- 
•o - T)ft 

cicnt,  P • - --S  (in which T> is tho local urcssuro 
a. 

and p0  la tho froe-ntroan 3tatic proseuro), plottod nor- 
mal to tho aurfico of the nacollc.  Tho ronults aro plot- 
ted to %ivo tho distribution over four croas-sectional 
pianos of the nacelles, loeitod as shown in figures 29(h) 
and 30(h), 'between the loading nd«;o of tho win? and tho 

*zäg&2* 
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trailing ed»,o of the rv.eollop. TAP pressure distribution 
oror tho longitudinal sections is r.lso shenn In fl^uros 
29(B) and 30(a) for tha conter-line soctior.r. to %ive *n 
Indication of the fore-and-aft pressure variations. 

C0ÜCLUSI0SS 

1. The over-all efficiency of the two-online model 
decreased linearly rith an increase in the ratio of the 
nacelle diameter to the rin; thickness. 

2. Tho propulsive efficiencies wore substantially 
tho same for all nacello arrangements. 

3. Tho static longitudinal stability was advorsoly 
affoetod hy tho addition of tho nacelles to tho win«? and 
the operation of tho propellors. 

4. Tho addition of tho two nacelles to the win<5 de- 
creased the maximum lift hy only a'bout 1 porcont. 

Lan^ley Uemorial Aeronautical Laboratory, 
National Advisory Committee for loronautics, 

Lansloy Held, 7a. 
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Ficure 2.- Installation of model without nacelles in the NACA full-scile turr.el. 

re 5.- Installation at rnoilfl with rO-incr nacellec  lepntW-line        :>.iQr; 
in the NACA full-Malt wind tunnel. 
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figure 6.- Installation of model with 34.7-inch nacelles (center-line position) 
in the NACA full-scale Kind tunnel. 

Fi^-ure 1«.- Air flow over upper surface of win< a-::- nacelle. Thr Ki-inoh 
nacelle: O.rSr propel lf-r location« :> " 12° 
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Figure 14.- Drag increment due to each nacelle, ACn/2, for nacelles of various size and 
«arious lift coefficients. Test air speed, 100 nph. 
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Figure 9.- Aerodynamie characteristics of model with 20-inch 
nacelles in center-lino position. Approximate test 
air speed, 56 mph. 
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Figure 11.- Aerodynamic characteristics of model with 30.4 inch 
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Figure 20.- Variation of propulslte efficiency with blade angle for the 20-inch nacelle« 
In low position. 0.25c propeller locations air flowing through cowling. 
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Figure 27.- Variation of pitching-moment coefficient of the 
model with index thrust coefficient. The 20-inch 

nacelles in center-line position. 0.25c propeller location. 
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(a) Longitudinal sections.       (b) Tnnmrn section». 

Figur* 29.- Preaaur* dlatributlon for the 20-lnoh nacellaa in law position. 
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